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Abstract

Purpose Osteogenesis imperfecta is a serious genetic disorder
that results from improper type I collagen production. We
aimed to evaluate whether bone marrow stromal cells
(BMSC) delivered locally into femurs were able to engraft,
differentiate into osteoblasts, and contribute to formation of
normal bone matrix in the osteogenesis imperfect murine
(oim) model.

Methods Donor BMSCs from bone-specific reporter mice
(Col2.3GFP) were expanded in vitro and transplanted into
the femoral intramedullary cavity of oim mice. Engraftment
was evaluated after four weeks.

Results We detected differentiation of donor BMSCs into
Col2.3GFP+ osteoblasts and osteocytes in cortical and trabec-
ular bone of transplanted oim femurs. New bone formation
was detected by deposition of dynamic label in the proximity
to the Col2.3GFP+ osteoblasts, and new bone showed more
organized collagen structure and expression of type I a2
collagen. Col2.3GFP cells were not found in the contralateral
femur indicating that transplanted osteogenic cells did not
disseminate by circulation. No osteogenic engrafiment was
observed following intravenous transplantation of BMSCs.
BMSC cultures derived from transplanted femurs showed
numerous Col2.3GFP+ colonies, indicating the presence of
donor progenitor cells. Secondary transplantation of cells
recovered from recipient femurs and expanded in vitro also
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showed Col2.3GFP+ osteoblasts and osteocytes confirming
the persistence of donor stem/progenitor cells.

Conclusion We show that BMSCs delivered locally in oim
femurs are able to engraft, differentiate into osteoblasts and
osteocytes and maintain their progenitor potential in vivo.
This suggests that local delivery is a promising approach for
introduction of autologous MSC in which mutations have
been corrected.

Keywords Cell transplantation - Col2.3GFP - Oim -
Osteogenesis imperfecta - Osteoprogenitor

Introduction

Osteogenesis imperfecta (OI) is a genetic disorder caused by
reduced or improper type I collagen production that results in
bone fragility. Due to the early onset of disease symptoms and the
requirement for multispecialty approaches, Ol is one of the most
expensive genetic disorders to treat. At present, the standard of
treatment to ameliorate the frequent fractures and pain has been
the use of bisphosphonates [1]. They act by inhibiting osteoclast
function and bone resorption, but do not correct the primary
cause of the disease. The underlying mutation is still responsible
for continuous generation of mutated collagen molecules.
Recent studies have been directed at silencing or correcting
the mutation in mesenchymal stem/progenitor cells (MSC) de-
rived from patients with OI [2]. The introduction of normal
collagen-producing MSCs to affected subjects will potentially
provide an autologous source of healthy bone-forming cells.
While this approach appears promising, multiple studies suggest
that systemic introduction of MSCs, while showing therapeutic
effects in numerous conditions, results in very low long-term
functional engrafiment [3]. Systemic introduction of mesenchy-
mal lineage cells, either via parabiosis, bone marrow transplan-
tation or direct intravenous injection in mice have shown
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engrafiment of cells on the bone surface, but these cells lack the
critical attributes of an osteoblast [4—6]. Therefore, further devel-
opment of techniques for reintroducing engineered cells back
into the patient is required. There have been a number studies
attempting intravenous transplantation of MSCs into mouse
models of OI, many of which have shown improvements in
collagen production and biomechanical properties, however en-
graftment is consistently low [7—11]. Trials have also been
performed in a small number of children with severe Ol, but
engraftment was also low, and it is unclear whether the transient
clinical improvements were directly due to effects of the intro-
duced cells [12—14]. 1t is also unclear in many of these studies
whether the introduced cells are differentiating into osteoblast
lineage cells and directly forming bone.

To address the issue of evaluating engraftment of
osteoprogenitors we have previously developed and charac-
terized markers that allow specific identification of cells at
mature stages of the osteoblast lineage, such as visual markers
under the control of a bone-directed collagen type I promoter
(Col2.3GFP) [15]. For these studies we utilized the osteogen-
esis imperfecta murine (oim ) mouse, which lacks expression
of functional type I o2 collagen chains and instead produce an
a1 homotrimer. We have evaluated the engraftment of wild
type Col2.3GFP BMSCs delivered locally into femurs. Our
results demonstrate that BMSCs delivered locally can engraft
and contribute to formation of wild type-like bone within oim
animals, and establish a pool of wild type osteoprogenitors in
the local marrow environment.

Materials and methods
Mice

All animal procedures were approved by an institutional ani-
mal care and use committee. oim mice were obtained from
Jackson Labs stock # 001815 (Bar Harbor, ME) and were
genotyped as described [16]. Col2.3GFP mice in a C57Bl16
background were previously described [15].

Bone marrow stromal cell (BMSC) culture

BMSC for transplantation were prepared from eight- to ten-week
old Col2.3GFP transgenic mice. Bone marrow was flushed from
the femora and tibiae, and cells were seeded at a density of 4%
10°/em? and expanded in 5 % O, in minimum essential medium
alpha («MEM), 10 % fetal bovine serum (FBS), 100 U/ml
penicillin and 100 pg/ml streptomycin. After seven days, adher-
ent cells were harvested in 2.5 % trypsin for transplantation.

To assess engraftment of osteoblast precursors, bone marrow
from one femur was seeded per well of a 6-well plate in xMEM
10 % FBS. After seven days, cultures were supplemented with
50 pg/mL ascorbic acid and 8 mM [-glycerophosphate to
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induce osteogenic differentiation. Presence of Col2.3GFP+cells
was evaluated by using an Observer Z1 fluorescence microscope
(Carl Zeiss, Thornwood, NY).

Cell transplantation

In preparation for transplantation, two- to three-month-old
oim mice were exposed to a lethal dose of 900 cGy total body
gamma irradiation using a '*’Cs source. Recipient mice were
anaesthetized with ketamine (130 mg/kg) and xylazine
(11 mg/kg). All animals received retroorbital infusion of 5x
10° wild type non-transgenic whole bone marrow cells. Local
transplantations were performed in the right femur bone mar-
row cavity. The knee was flexed to 90° and the distal end of
the femur was drawn anteriorly. A 26-gauge needle was
inserted into the joint surface through the patellar tendon and
into the medullary space and 10° cells in 15 pL serum free
«MEM were delivered. Systemic transplantation was per-
formed by infusion of the cells into the retroorbital sinus.
Mice were sacrificed four or 12 weeks after transplantation.
In some cases, xylenol orange (XO) was injected to label
mineralizing surfaces.

Histological analysis

Bones were fixed for three to five days in 10 % formalin,
decalcified in 14 % EDTA (where applicable), incubated in
30 % sucrose overnight and embedded in cryomatrix (Thermo
Fischer Scientific, Waltham, MA). Sections of 7 um were
obtained using a Leica cryostat (Wetzler, Germany) and tape
transfer system (Section-lab, Hiroshima, Japan). Fluorescent
images were obtained as previously described [17], and sec-
tions were stained with hematoxylin and reimaged.

Immunostaining

Decalcified bone sections were immunostained for the presence
of collagen I o2 using an antibody kindly provided by Dr.
Charlotte Phillips, University of Missouri—Columbia [18].
After permeablizing in PBS 0.1 % triton X, and blocking with
Powerblock (Biogenex, San Ramon, CA), primary antibody was
diluted 1:400 and applied at 4 °C overnight, followed by incu-
bation with donkey anti-rabbit secondary conjugated to Cy3.
Sections were mounted with 4',6-diamidino-2-phenylindole
(DAPI) and fluorescent imaging was performed using standard-
ized parameters on a 20x objective as described above.

Two photon imaging

Formalin fixed 50-pum sections were imaged using the Prairie
Ultima IV multi-photon microscope with a 20X/0.95 W
Olympus water immersion objective. The Col2.3GFP signal
and second harmonic generation (SHG) for collagen were
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visualized at an excitation wavelength of 900 nm and
bandpass filters of 435-485 nm (SHG) and 500-550 nm
(Col2.3GFP).

Results

Locally transplanted cells contribute to new bone formation
in oim animals

In this study we sought to establish whether transplanted wild
type cells could contribute to the osteoblast lineage and form
normal wild type-like bone in oim mice. In order to identify
engrafted donor osteoblasts, we cultured BMSCs from
Col2.3GFP mice. These animals have a GFP reporter that is
activated specifically in mature osteoblasts and osteocytes.
Bone marrow was cultured in 5 % oxygen to expand mesen-
chymal progenitor cells, and primary adherent cells (negative
for Col2.3GFP reporter at the time of transplantation) were
transplanted into the femoral bone marrow cavity. Since the
transplanted cells were from mice with a different genetic
background to oim, recipients were irradiated prior to trans-
plantation. One month after transplantation, cell engraftment
was assessed histologically. This demonstrated engraftment of

Fig. 1 Locally transplanted
BMSCs become osteoblasts and
osteocytes in vivo. BMSCs (10°)
derived from Col2.3GFP mice
were transplanted into oim mice
by direct intrabone injection.
(a—b) One month after
transplantation, engraftment of
osteogenic cells was assessed by
the presence of donor-derived
Col2.3GFP expression in the
transplanted distal femur.
Col2.3GFP+ osteoblasts are
present on the bone surface and
Col2.3GFP+ osteocytes are within
the newly formed bone matrix.
(c—d) High power images show
recipient cortical bone (white line),
while newly deposited bone with
GFP+ osteocytes is indicated by
the red line. Data are indicative of
histology of 15 transplanted mice.
M muscle, BM bone marrow

Col2.3GFP+ donor-derived osteoblasts and osteocytes in both
cortical and trabecular bone of the transplanted femur (Fig. 1).
Labeling of mineralizing surfaces showed that Col2.3GFP+
cells on the bone surface were associated with areas of active
mineralization confirming their osteoblastic phenotype
(Fig. 2a—c). Col2.3GFP+ cells were still apparent in
transplanted bones three months after transplantation (data
not shown). oim mice produce a defective bone matrix be-
cause the type I collagen lacks the «2 chain. Immunostaining
indicated that bone associated with engrafted osteoblasts
contained a2 collagen (Fig. 3a), similar to wild type bone
(Fig. 3c), while control oim bone was negative for «2 colla-
gen (Fig. 3d). Second harmonic generation detected a change
in collagen structure. Donor derived bone containing
Col2.3GFP+ osteocytes showed a brighter collagen signal
indicative of better collagen organization (Fig. 3f-h).

Donor osteoprogenitors engraft after transplantation

In order to determine whether osteoprogenitors were present
in the bone marrow after local transplantation, BMSC cultures
were established from the transplanted femur after one month.
Cultures were Col2.3GFP- after seven days (data not shown),
consistent with the established expression of this transgene
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Fig. 2 Transplanted cells are
located in areas of active bone
formation. oim mice underwent
transplantation as described.
Mineralizing surfaces were labeled
with xylenol orange (red) the day
before transplantation and

one month later, the day before
sacrifice. (a) Histology of a locally
transplanted femur indicates that
Col2.3GFP+ are closely associated
with mineralization label. Higher
power images show this in
trabecular (b)) and cortical (¢) bone.
(d) Histological analysis of the
contralateral untransplanted femur
did not show evidence of
Col2.3GFP+ cells. (e) Histological
analysis of femurs one month after
systemic transplantation via
retroorbital sinus showed similar
absence of engrafted donor cells

[15]. However, after culture in osteogenic medium for a week
(day 14 of culture), Col2.3GFP+ colonies were present
(Fig. 4b—c) indicating the persistence of donor cells in the
marrow. To further confirm this observation, we performed
secondary transplantation using cells expanded from
transplanted oim femurs after one month (Fig. 5). BMSCs
from these cultures were also Col2.3GFP- at the time of
transplantation (data not shown). After secondary transplan-
tation, Col2.3GFP+ osteoblasts were detected in trabecular
and cortical bone (Fig. 5b—d), although this appeared to occur
at a lower frequency than we observed in primary
transplantations.

Absence of systemic engraftment of osteogenic cells
We also assessed engraftment in the contralateral non-

transplanted limb. We never observed Col2.3GFP+ donor
cells in locally transplanted animals at one or three months
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after transplantation (Fig. 2d). There was also no evidence of
«2 collagen expression in bone from contralateral limbs
(Fig. 3b). In addition, we attempted systemic intravenous
transplantation of BMSC via the retro-orbital sinus. We also
failed to observe engraftment in the femurs under these con-
ditions (Fig. 2e). When bone marrow was flushed from con-
tralateral untransplanted limbs and cultured under osteogenic
conditions, there was no evidence of the presence of donor
osteoprogenitor cells indicated by the absence of Col2.3GFP+
colonies (Fig. 4a). Similar results were seen with cultures from
limbs of systemically transplanted animals (data not shown).

Discussion
Through increases in bone mass, reductions in fracture rate

and improved growth, bisphosphonate therapy has improved
the quality of life for OI patients. However, side effects can
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Fig. 3 Detection of normal collagen production in transplanted bones.
(a—e) Bone sections were immunostained for the presence of type I &2
collagen (shown in red). Images of cortical bone are shown from a
transplanted femur (a), the contralateral untransplanted femur (b), as
well as sections from untreated wild type (c¢), and oim (d) mice. A
negative control on a wild type section is also shown (e). Donor cells,
where present, are indicated in green and the area of &2 collagen staining
in the transplanted bone is marked by asterisks. The width of the cortical

include decreased bone remodeling rate, reduction in growth
plate cartilage resorption, and a delay in the healing of
osteotomy sites [1, 19]. In addition, this type of therapy cannot
correct the primary defect of inadequate collagen production.
In theory, introduction of normal osteoprogenitors into affect-
ed subjects would provide a healthy population of bone-
forming cells. The selective advantage of wild type cells over
cells bearing a mutation has been observed in studies of
patients that are mosaic for Ol mutations. The presence of
40 % normal cells minimizes the effects from the mutant
population, preventing the appearance of the clinical pheno-
type [20]. These data indicate that transplantation procedures
would be successful even with partial engraftment of normal
MSCs.

There are two main factors to consider in transplantation
protocols: the source and preparation of donor cells, and the
method by which the donor cells are introduced. Previous
studies utilizing transplantation of BMSCs in murine models
of disease have shown a low success rate due to low engraft-
ment. Initial experiments indicated that BMSCs introduced
via intraperitoneal injection were capable of engraftment, and
showed some improvement in bone mineral content, and this
has been confirmed in a recent study which demonstrated

bone is indicated by the white lines and nuclei are stained blue with
DAPI. Second harmonic generation was used to analyse collagen
structure (f—h). In a transplanted femur (f), original bone shows
low signal (dashed blue line), while newly formed donor-derived
bone embedded with Col2.3GFP+ cells is brighter, indicative of
better collagen organization (solid blue line). Images from oim
(g) and wild type (h) bone are shown for reference. The red
scale bars represent 50 um. bm bone marrow

1.5 % engraftment on the bone surface [10, 11]. Studies in
children showed similarly low levels of engraftment, and it is
unclear whether transient improvements in their growth ve-
locity were due to active participation of the transplanted cells
in bone formation, or a consequence of immunosuppressive
treatments employed to prepare them for transplant affecting
bone resorption [ 12—14]. Transplantation of uncultured CD3-
depleted bone marrow also failed to demonstrate any observed
clinical efficacy more than three months after transplantation
[11]. The most effective transplantation results have been
achieved during the fetal period in both mice and humans
[7-9, 21]. The percentage of engrafted cells ranged from 1 %
to 5 %. Jones et al. [22] recently showed large improvements
in engraftment frequency (from 5 % to 14 %) when human
fetal blood-derived MSCs were preconditioned with stromal
cell-derived factor 1 and implanted intraperitoneally in E13.5-
15 oim embryos suggesting that source and preparation of the
donor cells is also critical to the success of engraftment. One
case report of MSC transplantation in utero for a patient
diagnosed with severe OI showed better than expected growth
and fracture rates, and no immune rejection with engraftment
of up to 7.4 %, depending on the method of evaluation, at
nine months of age [21]. Prenatal transplantation is not a

@ Springer



1960

International Orthopaedics (SICOT) (2014) 38:1955-1962

Fig. 4 Donor osteoprogenitor cells remain in the bone marrow one month
after transplantation. BMSCs were established from femurs of transplanted
oim mice one month after transplantation (n=9). Cells were grown to
confluence, then osteogenic differentiation was induced. By day 14 of

realistic treatment option for all patients, particularly those
with less severe forms of the disease that are unlikely to be
diagnosed in utero, so it is important to develop effective
methods of transplantation postnatally.

Many of the previous studies did not show conclusive
evidence that the transplanted cells differentiated into the
osteogenic lineage. Therefore, in the present study, we utilized
donor cells from Col2.3GFP mice to visualize mature osteo-
blast lineage cells and assess functional engraftment. Primary

Fig.5 Donor cells are still present A
after secondary transplantation.
(a) Secondary transplantation was
performed in oim animals as
indicated in the experimental
design (n=2). Histology of a
distal femur after secondary
transplantation indicates the
presence of Col2.3GFP+ cells
one month after transplantation
(b), on both trabecular (¢) and
cortical (d) bone surfaces

Col2.3GFP
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OIM-1

culture, there were no Col2.3GFP+ cells evident in cultures from an
untransplanted contralateral femur (a), but cultures from transplanted limbs
showed numerous Col2.3GFP+ colonies (b, ¢). Images are composite
scans of the center of a 6-well dish from representative cultures

mouse BMSCs were used as a donor population, and these
cells are well established to be capable of bone formation both
in vitro and in vivo [6, 15]. While we did not directly assess
the proportion of osteoprogenitors in these cultures in this
study, previous work has indicated that similar cultures consist
of 3040 % osteoprogenitor cells [23]. Our data indicate that
locally transplanted BMSCs are capable of differentiation into
matrix producing osteoblasts and osteocytes and production
of normal collagen matrix containing the &2 chain of type I

OIM-1 OIM-2 OIM-2
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collagen. Unlike a previous study using local transplantation,
we did not use a collagen gel carrier to deliver cells [24], but
demonstrated effective engraftment delivering cells in serum-
free culture medium. We noted significant contribution to both
cortical and trabecular bone formation in all the transplanted
limbs. It is notable that the distribution of cells is variable,
both within a bone and between animals with some areas
having around 100 % donor osteoblasts and others with none,
possibly due to the location and contact of the needle during
transplantation.

In contrast, we observed consistent absence of donor-
derived osteoblasts in contralateral untransplanted bones sug-
gesting that bone marrow stromal progenitor cells do not
exhibit the ability to circulate following direct intra-bone
marrow transplantation. Furthermore, systemic intravenous
transplantation of BMSC did not yield any Col2.3GFP posi-
tive osteoblasts in bone. The controversy on whether mesen-
chymal progenitor cells or more mature osteoblasts can circu-
late still persists, and a number of reports provide evidence for
this phenomenon [25]. However, the criteria to define the
engrafted donor cells as osteoblasts have not been clearly
defined. Some reports consider localization on the bone sur-
face and the expression of ubiquitous GFP marker to be
sufficient evidence of osteoblast engraftment. However, due
to heterogeneity of the donor cells in many of these protocols,
the majority of the donor cells on the bone surface appear to be
of hematopoietic origin [4—6]. We propose that it would be
necessary to utilize mature-osteoblast lineage markers such as
osteocalcin or Col2.3GFP expression to confirm the osteo-
genic potential of donor cells. In addition, donor cells should
be in a close contact with new bone formation that can be
assessed by deposition of a dynamic bone label (such as
calcein, xylenol orange).

A key aspect of mesenchymal progenitor transplantation is
to provide sufficient cells at an undifferentiated stage, so that
they can self-renew and generate more osteoblasts over a
prolonged time period. This characteristic of the “stemness”
of the transplanted cells can be assessed by evaluating the
ability of the transplanted cells to generate osteogenic colonies
some time after transplantation and by evaluating the ability to
self replicate by a secondary transplantation experiment. In
this study we demonstrated by these methods that donor
osteoprogenitors were established in the bone marrow
one month after transplantation.

To summarize, our results indicate that BMSCs delivered
locally to oim femurs are able to engraft, differentiate into
osteoblasts and osteocytes and maintain their progenitor po-
tential in vivo. The use of a bone specific marker to trace the
transplanted cells greatly simplifies assessment of functional
engraftment. Our work also suggests that mesenchymal pro-
genitor cells do not engraft by systemic circulation. In further
studies, simultaneous inclusion of a mesenchymal progenitor
or ubiquitous marker would assist with tracking the cells, and

further studies are required to evaluate the effect of local
transplantation on bone mass and mechanical parameters.
This source of donor cells also provides a good model in
which to test different methods of preparing and transplanting
cells that may be more clinically relevant than local transplan-
tation in a condition like OL
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